Introduction
Folate binding protein (FBP)' is the designation given for a protein that has a high affinity for folic acid as well as a number of reduced folic acid derivatives. Originally purified as a soluble protein from bovine milk (1) (2) (3) , it has been found in human serum (4, 5) , human and goat milk (6, 7) , human urine (8) , and granulocyte lysates from patients with chronic granulocytic leukemia (9, 10) . A particulate form of this protein, which can only be solubilized with detergents, has been purified from human milk (11) , kidney (12) , placenta (13) , and cultured KB cells (14) . The two forms of the protein are referred to as the soluble folate binding protein (S-FBP) and membrane folate binding protein (M-FBP) respectively. The S-FBP and M-FBP are immunologically similar proteins (15) and both have similar folate binding characteristics.
The exact function of the S-FBP is not known. Rubinoff and co-workers have shown that goat milk S-FBP is a sialoglycoprotein and that the hepatic clearance of ['25I]-S-FBP after injection into the blood stream ofgoats and rats is inhibited by desialyzed fetuin but not fetuin, which suggests a role for this protein in the folate enterohepatic cycle (16). Tani et al. (17) , found that bovine milk S-FBP slowed the absorption of ['4CJfolic acid from the rat gastrointestinal tract in situ. In addition, Tani and Iwai (18) showed that the S-FBP completely inhibited the incorporation of [3H]folic acid by Lactobacillus casei, a common intestinal bacterium.
The M-FBP, by contrast, appears to function as a surface membrane receptor that mediates delivery of 5-methyltetrahydrofolate to the interior of cells (19) . Recent studies (20) suggest that when 5-methyltetrahydrofolate binds to externally oriented receptors on the surface of MA 104 cells, it is carried into an acidic vesicular compartment where it dissociates from the receptor before being translocated across the membrane into the cytoplasm. The unoccupied receptor then returns to the cell surface to participate in another round of uptake.
Kane and co-workers (15) found that in cultured KB cells there appears to be a precursor-product relationship between the M-FBP and the S-FBP. They also found that the KB cell S-FBP had a similar molecular weight and amino acid composition to the milk S-FBP but that the M-FBP contained an additional 75-100 amino acid residues and was 7,000-15,000 greater in molecular weight. On the other hand, Luhrs et al. (21) reported that the two FBPs had similar molecular weights and amino acid composition but differed in that the M-FBP had multiple fatty acid residues covalently linked by both amide and ester bonds.
We have cloned and expressed a near full length cDNA for (25) , and COS-1 (26) cells were grown as described.
Isolation of RNA. RNA was isolated from Caco-2 cells, using the guanidine thiocyanate/CsCl method (27) . Polyadenylated RNA was selected by oligo-dT cellulose chromatography using standard methods (28 (30) . Ambiguous residues in the human sequence were assumed to be conserved in the bovine milk S-FBP sequence (31) . B5 and B6 were 57 and 72 bases long, respectively. The cDNA library was screened in duplicate with 32P-labeled B5 and B6 to isolate a partial cDNA clone (designated F4). F4 was used to rescreen the library and five additional clones were isolated. The longest clone (designated F5) was subcloned into Eco R I sites in pGEM4Z (pG4ZF56) and pCMV2 (pCMV2F53) (Fig. 1) Sanger (33, 34) and is detailed in Fig. 2 (20 mM Tris, pH 8.0) containing 0.02 mg/ml leupeptin and 0.02 mg/ml aprotinin, and thawed at 4°C. Cell extracts from three T-75 flasks were pooled and centrifuged at 100,000 g for 1 h. The membrane pellet was resuspended in 20 mM Hepes (pH 7.4) and centrifuged at 100,000 g for 1 h. ofthe 105 residues (30) (Fig. 3) . Likewise, the alignment comparison ofthe bovine milk with the deduced sequence from F5 ending with alanine 230 shows that 172 out of210 amino acids are identical (Fig. 3) . The protein contains 16 cysteine residues that apparently form eight disulfide bonds (31) and three consensus sites (ASN-X-SER/THR) for N-linked glycosylation.
Analysis ofFBP mRNA. Northern blotting was performed on 5 ug each ofpoly A+ RNA from SV40-transformed human fibroblasts (Fig. 4 A) and total (Fig. 4 B) and poly A (Fig. 4 C) RNA from Caco-2 cells. SV40 transformed human fibroblasts were chosen because they do not express detectable M-FBP as measured by [3H] folic acid binding (data not shown). The FBP cDNA probe (F5) hybridized to a discrete mRNA band of 1.1 kb (Fig. 4, lanes B and C) , whereas there was no signal in the SV40 transformed fibroblast lane (A) even after overexposure. The blot was stripped and reprobed with an actin probe confirming that lanes A and C had comparable amounts of poly A+ RNA (data not shown).
The FBP contains a cleaved hydrophobic amino-terminal signal sequence. The nucleotide sequence of the cDNA for the FBP and the predicted amino acid sequence are shown in Fig.  2 . Taking the first ATG as the start site, the first 20 amino acids have the characteristics of a typical signal sequence for endoplasmic reticulum translocation (41, 42) . We predict that signal cleavage is between Thr24 and Arg25 because this site has a favorable von Heijne (43) score (6.7), it is five residues downstream of the hydrophobic core, and the von Heijne score for cleavage between Arg25 and I1e26 is extremely unfavorable (-9.9). This would require that a second proteolytic processing event occur subsequent to signal cleavage because the amino acid sequence of the mature protein begins with Ile 26 (Fig. 2) .
Transient expression of FBP cDNA in COS-J cells. We performed transfections of COS-1 cells with no DNA (mock), the expression vector pCMV2 alone (negative control) and the F5 cDNA subcloned into pCMV2 (pCMV2F53). In the initial transfection, we performed indirect immunofluorescence (Fig.  5 ) in addition to 5-methyl[3H]tetrahydrofolate binding assays (Table I) . Mock and pCMV2 transfected cells had a low level of immunofluorescence staining. Approximately 6% of the cells that were transfected with pCMV2F53, however, were brightly fluorescent (Fig. 5 ). Cells transfected with pCMV2F53 had the same staining pattern as the mock and pCMV2 transfected cells but the staining was much more intense. In the same transfection, 5- Carboxyl terminus of the FBP contains a signal for GPI linkage. The only hydrophobic domain, other than the cleaved signal, of sufficient length to span the membrane is the COOH-terminal 19 residues. There are no charged residues flanking this domain and no putative cytoplasmic tail. A search of known protein sequences revealed no transmembrane proteins lacking cytoplasmic tails. A comparison of the bovine sequence with the deduced sequence (Fig. 3) Difference between the membrane and soluble FBPs. Cleavage of the GPI linkage may explain how the S-FBP is generated from the M-FBP. Both alkaline phosphatase (44, 45) and variable surface glycoprotein of trypanosomes (44, 45) distinguish between RNAs that differ by fewer than 50 nucleotides.
The cDNA for the FBP codes for a membrane protein that has the characteristics of a membrane protein anchored by a GPI linkage. Immunofluorescence images (Fig. 5) indicate that the protein is located in discrete sites on the membrane. Moreover, there is good biochemical evidence that this protein cyclically enters the cell and retums to the surface (20) . Recently, van 
